Background Minimal change disease (MCD) is the most common cause of nephrotic syndrome in children and is associated with the expression of CD80 in podocytes and the increased excretion of CD80 in urine. We hypothesized that serum from patients with MCD might stimulate CD80 expression in cultured podocytes. Methods Sera and peripheral blood mononuclear cells (PBMCs) were collected from subjects with MCD in relapse and remission and from normal controls. Immortalized human podocytes were incubated with culture media containing patient sera or supernatants from patient and control PBMC cultures. CD80 expression was measured by quantitative PCR and western blot analysis. Results Sera collected from patients with MCD in relapse, but not in remission, significantly increased CD80 expression (mean ± standard deviation: 1.8±0.7 vs. 0.8±0.2; p<0.004) and CD80 protein secretion by podocytes (p<0.05 between relapse and normal controls). No such CD80 increase was observed when podocytes were incubated with supernatants of PBMC cultures from patients in relapse.
Introduction
Minimal change disease (MCD) is the most common nephrotic syndrome in childhood [1] . In 1974, Shalhoub proposed that proteinuria in these patients was due to a circulating factor secreted by the patient's lymphocytes and suggested that MCD was a disorder of T-cell function [2] . Support for this hypothesis was provided by Koyama et al. [3] who immortalized T-cells from patients with MCD in relapse and healthy controls and injected supernatants of these T-cells into rats. The injection of supernatants from the T-cell hybridoma from patients in relapse caused immediate proteinuria and glomerular podocyte foot process fusion, whereas no changes were noted when the Tcell hybridoma supernatants from healthy controls were infused [3] . Proteinuria was also reported when supernatants from cultures of peripheral blood mononuclear cells (PBMCs) from MCD patients in relapse were infused into rats [4] . However, despite numerous efforts over the last 30 years, the pathogenic cytokine has not been identified and the mechanism of proteinuria in these patients has not been elucidated.
CD80 or B7-1 is a dendrite-associated receptor that mediates co-stimulatory signaling of the T-cell [5] . In the kidney, CD80 is a transmembrane glycoprotein belonging to the immunoglobulin superfamily and is present in many cell types, including podocytes. CD80 has been found to be expressed by podocytes in several experimental models of glomerular disease associated with nephrotic syndrome [6] . We have recently reported that CD80 is expressed by the podocytes but not the tubules of patients with MCD in association with increased urinary excretion of CD80 [7, 8] .
CD80 has been suggested as a mediator of proteinuria. Reiser et al. have shown that mice administered lipopolysaccharide (LPS) developed CD80 expression in podocytes and proteinuria [6] . However, when LPS was administered to CD80−/− knockout mouse, no increase in urinary protein excretion was observed [6] . Because CD80 is expressed by podocytes in patients with MCD in relapse but not in remission [7, 8] , we have hypothesized that CD80 could play a role in the proteinuria of MCD-associated nephrotic syndrome [9] .
The aim of this study was to evaluate whether serum and/or supernatants from PBMC cultures from MCD patients induce podocyte CD80 expression in vitro. If true, this finding would support Shalhoub's hypothesis of a circulating factor in MCD nephrotic syndrome.
Patients and methods

Patients
Sixteen patients (8 females, 8 males) with biopsyproven MCD, as defined by the International Study of Kidney Disease in Children [10] , ranging in age from 3 to 21 years, were included in the study. Patients were considered in relapse if they had edema, a serum albumin level of <3.0 g/dl, and a urinary protein/creatinine (mg/mg) ratio of >2.0. Patients were considered in remission if they had no edema and their urinary protein/creatinine ratio was <0.40 in a random urine sample. Two patients were included in the MCD remission group although their urinary protein/creatinine ratio was >0.4, as they were both considered in early remission. One patient showed an increment in the serum albumin from 1.8 to 2.6 g/dl at the time the blood sample was obtained and 4.4 g/dl 2 weeks later. Patient proteinuria improved from 300 mg/dl to 1.43 (urinary protein/creatinine ratio) at the time that the blood sample was obtained, and 0.5 2 weeks later. The second patient had an improved urinary protein/creatinine ratio from 3.1 to 1 at the time the blood sample was obtained, and 0.1 2 weeks later.
Four subjects aged 12-18 years, one female and three males, with nocturnal enuresis without systemic diseases or urinary congenital anomalies served as controls. The study was approved by the Institutional Review Board of the University of Florida.
All patients had a normal serum creatinine for age at the time of study.
Methods
Serum collection
Blood from MCD patients in relapse and in remission, respectively, and normal controls was centrifuged and serum collected and stored at −80°C.
PBMC cultures
Peripheral blood mononuclear cells were isolated by density centrifugation on a Ficoll-Hypaque gradient as previously described [11] and cultured in 5 ml of RPMI (Grand Island Biological, Grand Island, NY) supplemented with 10 % fetal bovine serum (FBS) in petri dishes for 72 h at 35°C, at a concentration of 1×10 6 cells/ml [4] . At the end of the incubation period supernatants were collected and concentrated 1.5-to 9-fold.
Podocyte cultures
Immortalized human podocytes [12] were obtained from Dr. Moin Saleem at the University of Bristol and maintained in RPMI-1640 containing 10 % FBS, 1 % insulin-transferrin-selenium A supplement (Invitrogen, Carlsbad, CA), penicillin (100 U/ml), and streptomycin (100 μg/ml). Cells were grown at 33°C in 95 % air, 5 % CO 2 and then converted to differentiated cells by incubation at 37°C for 10-14 days. Differentiated cells were kept in growth media supplemented with 1 % FBS for 16 h and then incubated with 15 % serum and 15 % supernatant from cultured PBMCs collected from MCD patients in relapse or in remission, from normal controls, or with 1 % FBS growth media. Serum and supernatants were filtered through a 0.22-μm syringe filter (Millipore Cork, Ireland) prior to the stimulation, and RNA was extracted at 6 h after the stimulation. To examine the effect of interleukin-8 (IL-8) on podocytes, differentiated podocytes were kept in RPMI media containing 1 % FBS for 16 h and then incubated with or without IL-8 (R&D, Minneapolis, MN) at concentrations of 0.5 or 1.0 ng/ml. RNA was extracted at 6 h after the stimulation.
RNA extraction, reverse transcription and quantitative reverse transcription-PCR Total RNA was extracted using RNeasy (Qiagen, Valencia, CA). A 1-μg sample of each total RNA was reverse transcribed using the iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA) according to the manufacturer's protocol. Quantitative real-time PCR analysis for human CD80 was performed using the iCycler thermal cycler (Bio-Rad). Each reaction was carried out in a total volume of 25 μl containing 12.5 μl of 2× iQ SYBR Green supermix (BioRad), forward and backward primers (100 nM), and 2 μl of complementary DNA (cDNA). Amplification was performed for one cycle at 95°C for 3 min and for 50 cycles at 95°C for 30 s, the designated annealing temperature for 30 s, and 72°C for 30 s. The results were normalized using human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression, and the ratio to non-stimulated control (1 % FBS growth media) was calculated. Primer sequences and annealing temperatures were: human CD80 (forward, 5′-TTTGACCCTAAGCATCTGAAGC-3′; reverse, 5′-ACCAGCCAGCACCAAGAG-3′, 60°C) and human GAPDH ( forward, 5′-CGCTGAGTACGTCG TGGAGT-3′; reverse, 5′-AGAGGGGGCAGAGATGATG-3′, 64°C).
Western blot analysis
Cell protein lysates were prepared from confluent podocyte cultures as described above. Sample protein content was determined by the BCA protein assay (Cat#23225, Thermo Scientific Pierce, Rockford, IL). A 50-μg sample of total protein was loaded per lane for sodium dodecyl sulfatepolyacrylamide gel electrophoresis (10 % wt/vol) analysis. The electrophoretic products were transferred to a PVDF membrane (Bio-Rad), and the membrane was blocked with 5 % non-fat milk and then incubated overnight with primary CD80 antibodies (Cat#AF140, R&D System). After washing, the membrane was incubated with a mouse anti-goat horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h. The blot was visualized using GE Healthcare Amersham ECL Western Blotting Detection Reagents (cat#RPN2109; GE Healthcare, Piscataway Township, NJ). For a loading control, the same membrane was stripped and reimmunoblotted with a mouse GAPDH antibody (Cat#NB300-221, Novus Biologicals, Littleton, CO) for 1 h at room temperature and with an anti-mouse second antibody (Cat#sc-2314, Santa Cruz Biotechnology) for 1 h. The Alpha Innetch FluorChem gel image program was used to measure band density. CD80 band density data were normalized with GAPDH data to obtain the final results.
Enzyme-linked immunosorbent assay
Serum IL-13 was measured using a commercially available enzyme-linked immunosorbent assay kit from eBioscience (San Diego, CA).
Serum creatinine
Serum creatinine was measured on an autoanalyzer.
Statistical analysis
Data graphics and statistical analysis were performed using Prism 5 software (GraphPad, San Diego, CA). KruskalWallis tests and Mann-Whitney tests were applied to evaluate differences between the groups, and the Spearman correlation coefficient was calculated between CD80 expression and prednisone dose. P <0.05 was regarded as statistically significant.
Results
Serum from MCD patients was studied at the time of relapse and at remission (Table 1 ). Mean serum albumin was 2.3± 0.5 g/dl at relapse and 3.6±1.2 g/dl at remission. The median urinary protein/creatinine ratio was 5.9 (mg/mg) at relapse and <0.3 (mg/mg) at remission.
Human podocytes incubated with serum from MCD patients in relapse showed a statistically significant increase in CD80 expression compared to those incubated with serum from MCD patients in remission [mean ± standard deviation (SD) 1.8±0.7 vs. 0.8±0.2; p=0.004) (Fig. 1a) .
In these patients, those in relapse received a lower dose of prednisone than those in remission (0.16±0.31 vs. 0.84± 0.76 mg/kg/day; p=0.02). However, there was no correlation between CD80 expression and the dose of prednisone for either patients in relapse or those in remission (Fig. 2a,  b) . Finally, CD80 expression in podocytes stimulated with serum from MCD patients in remission receiving low-dose prednisone (0.1±0.05 mg/kg/day) was not significantly different from that in MCD patients receiving a higher dose of prednisone (1.39 ± 0.46 mg/kg/day; p =0.8) (Fig. 3) , although the differences between the doses were significantly different (p=0.05).
Supernatant was obtained from PBMC cultures from eight MCD patients in relapse, seven patients with MCD in remission, and four normal subjects who served as controls (Table 2) . Mean serum albumin was 1.9±0.6 g/dl at relapse and 4.3±0.5 g/dl at remission. The median urinary protein/creatinine ratio was 5.3 (mg/mg) at relapse and 0.1 (mg/mg) at remission.
When podocytes were incubated with two-to ninefold concentrated supernatants from PBMC cultures from MCD patients in relapse or in remission and from normal subjects, no statistically significant differences in CD80 expression among groups was observed (Fig. 1b) . There was also no difference in CD80 expression by podocytes between supernatants from PBMC cultures from patients in relapse or in remission concentrated by 1.5-to fourfold and those concentrated four-to ninefold (Fig. 4a, b) .
Supernatants of PBMC cultures from patients in remission and in relapse were collected. In these patients, the dose of prednisone in the latter was not different than that in the former (0.47±0.6 vs. 0.49±0.5 mg/kg/d, respectively; p=0.77).
There was no correlation between prednisone dose and CD80 podocyte expression in supernatants of PBMC cultures from patients in relapse (r=−0.07, p=0.88). Moreover, although there was a significant difference in the prednisone dose of MCD patients in relapse who received a high dose of prednisone (1.09±0.57 mg/kg/day) and those on a low dose of steroids (0.1±0.1 mg/kg/day) (p=0.03), there was Pr/Cr, Prednisone (urinary protein) to creatinine (cr) ratio; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; qod, every other day; qd, every day; SD, standard deviation no difference in podocyte CD80 expression between these two groups (p=0.78). Cellular podocyte extracts were probed with anti-CD80 antibody to quantify CD80 protein level after podocyte culture stimulation with sera from MCD patients in relapse or in remission and in normal controls (Fig. 5) . A significant increase (p<0.05) in CD80 protein was observed when podocytes were incubated with serum from MCD patients in relapse in comparison to those stimulated with sera from normal controls.
We also examined the effect of IL-8 on CD80 expression in human podocytes. When podocytes were incubated with growth media containing recombinant IL-8, no statistically significant differences in CD80 expression among groups were observed [CD80/GAPDH ratio: control, 1.00±0.36; IL-8 (0.5 ng/ml), 0.83±0.39; IL-8 (1.0 ng/ml), 0.46±0.03; n=3; no significant difference among groups].
IL-13 was measured in the serum and supernatants used in the study (Table 3 ). In all sera from patients in relapse or in remission IL-13 was below the limit of detection (<10 pg/ml). IL-3 was detected in only one supernatant of PBMC from an MCD patient in relapse (80.6 pg/ml) and in only one supernatant from an MCD patient in remission (161.8 pg/ml).
Discussion
The pathogenesis of proteinuria in MCD has not yet been elucidated. Shalhoub proposed in 1974 that a circulating factor secreted by T-cells might be responsible for the increased glomerular permeability to plasma proteins in patients with this disease, further suggesting that MCD was a disorder of T-cell function [2] . Shalhoub based his hypothesis on the absence of immune complexes in the glomeruli of MCD patients, the rapid response of MCD to steroids, the association of MCD with Hodgkin's disease, and the observation that MCD often remits subsequent measles infection (the latter is known to suppress cell-mediated immunity) [2] .
Despite numerous attempts, the pathogenic cytokine responsible for MCD has not been identified nor has the mechanism of the proteinuria in MCD patients been elucidated. Different hypotheses have been postulated to explain the mechanism of proteinuria in MCD patients. One of the first was a role for sialoprotein in coating the glomerular capillary wall [13] . This was followed by the proposal that the defect could be attributed to a decrease in the heparan sulfate proteoglycans of the glomerular basement membrane (GBM) [14] . At the present time, MCD is thought to be due to podocyte dysfunction. Changes in podocyte attachment to the GBM and/or podocyte cytoskeleton could lead to increased glomerular permeability to plasma proteins [15] .
The role of podocytes in MCD is supported by the seminal studies on experimental animal models of proteinuria by Reiser et al. [6] . These researchers found an increased expression of CD80 by podocytes in association with LPS-induced proteinuria and a histological lesion that resembled MCD. Proteinuria was not seen in LPS-treated CD80 knockout mice, suggesting a pivotal role for this molecule in the development of proteinuria [6] . Following the lead of these tantalizing results, we proceeded to study Fig . 3 Prednisone does not decrease CD80 expression in podocytes cultured with serum from MCD patients in remission. Human podocytes were incubated for 6 h with 15 % serum from MCD patients in remission. RNA was extracted and real-time PCR for human CD80 was performed. Human GAPDH was used as an internal control. Data are presented as the mean ± SEM CD80 in MCD patients and found increased CD80 podocyte expression and increased CD80 urinary excretion in these patients [8] . These results have led us to postulate that the circulating factor stimulates TLR3 or TLR4, which are receptors known to induce NFκB (nuclear factor kappalight-chain-enhancer of activated B cells) activation [16, 17] . Our previous studies have shown that stimulation of TL3 on podocytes is followed by translocation of the p65 subunit from the cytoplasm to the nucleus, documenting the activation of NFκB. Furthermore, we found that the NFκB inhibitor PDTC significantly reduces the expression of CD80 following TL3 stimulation by polyIC, demonstrating that CD80 upregulation in podocytes is dependent on NFκB activation. CD80 activation is followed by re-organization of the actin cytoskeleton with disruption of central stress fibers and increased F-actin at the cortical ring. CD80 silencing by shRNA largely prevents actin re-organization, whereas this does not occur following transfection with a non-relevant shRNA [18] . The reorganization of the podocyte actin cytoskeleton would lead to morphological changes at the slit diaphragm, resulting in increased permeability and proteinuria. CD80 is expressed (red stain) in normal human tonsil using the same CD80 goat antibody (R&D Systems) as in the western blots. CD80 and anti-CD80 complexes were visualized as previously described [7] The present study is a corollary to our findings in MCD patients and the aim was to evaluate if serum or lymphocyte cytokines (present in supernatants of PBMC cultures) could induce CD80 expression in cultured podocytes. We found that serum from MCD patients in relapse increased both CD80 mRNA expression and CD80 protein levels in podocyte cultures. In contrast, no such increase was observed when serum from MCD patients in remission was added to podocyte cultures. Consequently, our results demonstrate that MCD patients in relapse do have a circulating factor that induces CD80 expression in podocytes, suggesting that in vivo this circulating factor could lead to the observed proteinuria and increased CD80 podocyte expression in these patients.
Prednisone has been shown to decrease CD80 expression in cultured podocytes. In our study, patients in remission received a significantly increased dose of prednisone compared to those in relapse. However, the lack of increased podocyte CD80 expression when serum from MCD patients in remission was added to the cultures could not be attributed to the effects of prednisone because there was no correlation between CD80 expression and the dose of prednisone in patients in remission. In addition, CD80 expression in podocytes stimulated with serum from MCD patients in remission receiving a low dose of prednisone was not significantly different from that in podocytes stimulated with serum from MCD patients receiving a higher dose of prednisone.
The nature of the circulating factor has yet not been defined, although a role for IL-13 in the pathogenesis of proteinuria has been postulated [19] [20] [21] . Overexpression of IL-13 has been reported to cause proteinuria and podoctye CD80 expression in mice [20] , but we have not been able to reproduce the results (unpublished data). The results of the present study do not support a role of IL-13 as a circulating factor in MCD, since this cytokine was not detectable in the serum of our patients in relapse and was detectable in only one supernatant from the MCD PBMC cultures from patients in relapse and from one supernatant from cultures of MCD patients in remission.
We have shown that IL-8 could increase the catabolism of heparan sulfate in the GBM and induce proteinuria in rats [22] . Moreover, increased serum IL-8 concentrations have been reported in MCD patients [23] . However, we were unable to observe an effect of IL-8 on CD80 expression in podocytes in this study. This was not due to low levels of IL-8 in the supernatants, since the concentrations in the media culture were equivalent to those observed in MCD serum [23] . However, IL-8 may still play a role in the development of proteinuria by a mechanism other than via CD80, possibly by acting directly on the GBM because we have shown that IL-8 increases the catabolism of heparan sulfate in the GBM in an animal model [22] . The decrease in heparan sulfate in the GBM could contribute to the decreased capillary wall negative charge observed in these patients.
The results of this study suggest the presence of a circulating pathogenetic factor in MCD patients. However, in contrast with Shalhoub's hypothesis [2] , the increased CD80 expression in podocytes observed in our study was not due to a factor released by patients' lymphocytes because it was not observed when the podocytes were cultured with supernatants from cultured PBMCs sampled from MCD patients in relapse.
It should be pointed out that treatment with steroids could prevent PBMCs from patients in relapse from expressing cytokines, possibly explaining why there was no difference in CD80 expression in podocytes cultured with supernatants from PBMC of either MCD patients in relapse or normal controls. However, PBMC cultures from MCD patients in relapse are supposed to be secreting the factor because patients are in relapse. Finally, there was no correlation between the dose of prednisone and CD80 podocyte expression, and there was no difference in CD80 expression between PBMC supernatants from patients receiving a high dose of prednisone and those from patients on a low dose of steroids.
Although the nature of the serum factor has not been defined in this study, Reiser et al. have suggested that microbial products could trigger podocyte CD80 expression in MCD patients [24] . This hypothesis is supported by the observation that in MCD, relapse is usually triggered by viral upper respiratory infections (URI) [25] . Microbial products in URI are not limited to the respiratory mucosa, but viral fragments have been detected in the circulation of these patients [26] . Consistent with these findings, we have demonstrated that polyIC, which mimics viral RNA, stimulates TLR3 on podocytes, leading to increased expression of CD80 [18] . This hypothesis needs to be confirmed by analysis of serum from MCD patients for the presence of microbial products.
In summary, MCD patients in relapse have a serum factor that increases CD80 expression in podocytes. Because CD80 has been shown to be increased in MCD patients in relapse, this finding can explain, at least in part, the mechanism of proteinuria in these patients. Lymphocyte products do not appear to play a role in the CD80-mediated proteinuria in MCD patients.
